S uperconductivity is one of several phenomena, including the pseudogap, that arises from interactions of electrons near the Fermi surface (FS) in hole-doped cuprates. The FS topology is therefore crucial to understanding these phenomena and their relationships. Highfield quantum oscillation (QO) measurements (1-3) revealed an unexpectedly small FS in underdoped YBa 2 Cu 3 O 6.5 (YBCO), in contrast to the conventional, large FS of overdoped cuprates like Tl 2 Ba 2 CuO 6+x (4) . Further high-field investigations led to the discovery of a quantum phase transition (QPT) at the low doping edge of this small FS regime, perhaps associated with a metalinsulator transition (5) or the formation of densitywave order (6) . However, the large-to-small FS transition presumed to occur at higher doping has thus far not been observed by QO within a single hole-doped material system. Furthermore, it is unclear whether the small FS is merely revealed by QO or possibly created by their necessarily high magnetic fields.
A zero-field alternative to QO, angle-resolved photoemission spectroscopy (ARPES), has a long history of mapping the FS in Bi 2 Sr 2 CaCu 2 O 8+x (Bi2212) (2, (7) (8) (9) (10) (11) . Here, the onset of the pseudogap (PG) is defined by the opening of an antinodal gap and the reduction of the large FS to a "Fermi arc," which may actually be one side of a Fermi pocket, consistent with QO results (10) . The PG onset may be associated with a QPT just above optimal doping at p = 0.19 (11) . A second QPT to another competing phase is suggested to occur (11) at lower doping ( p = 0.076), similar perhaps to that found by QO (5, 6) . However, if the transition near optimal doping is a FS reconstruction to pockets, as suggested in (10), why are sharp antinodal quasiparticles seen below this doping, all the way down to p = 0.08 (7, 9, 11) ? Further, if the antinodal FS persists down to p = 0.08, what impact does the QPT associated with the onset of the PG at p = 0.19 have on the FS?
To address these outstanding questions, we used scanning tunneling microscopy (STM) to study (Bi,Pb) 2 (Sr,La) 2 CuO 6+d (Bi2201). In this hole-doped cuprate, the absence of bilayer splitting and the suppression of the supermodu- showing antiferromagnetic insulator (AFM), superconductor (SC), and PG phases. Four black points represent the sample batches of this study, namely underdoped UD25K and UD32K, optimal OPT35K, and overdoped OD15K. The PG transition line T * is plotted as measured by ARPES (12) , resistivity (12) and nuclear magnetic resonance (13) . Anomaly in the Hall coefficient (28) is marked by a black arrow. (B) The spatially averaged differential conductance g(E) for each sample. The PG edge is marked with black arrows, whereas the low-energy kink in each spectrum, considered to be related to the superconducting gap (14, 15) , is marked with red arrows. a.u., arbitrary units.
lation by Pb doping both simplify momentum space measurements. Additionally, the separation between the expected QPT near optimal doping and the well-characterized PG onset at much higher doping (12, 13) allows a clear investigation of the relationship between these two phenomena. We thus carried out a systematic investigation of Bi2201 at four different dopings (Fig. 1A) , all of which display signatures of both the PG and the superconducting gap (14, 15) in their low-temperature spectra (Fig. 1B) . To extract FS information, we mapped their differential conductance g(r, E), proportional to the local density of states (DOS) of the sample, as a function of position r and energy E. We used ratio maps, Z(r, E) = g(r, +E) / g(r, -E), to enhance the quasi-particle interference (QPI) signal and cancel the setpoint effect (16), then we Fouriertransformed the data. This technique can highlight dominant QPI wave vectors that arise from elastic scattering between momentum space regions of high joint density of states (JDOS), thus enabling a probe of the FS (17, 18) .
In our most underdoped samples (UD25K and UD32K), we found a set of energy-dependent wave vectors {q i } following the "octet model" (17) (Fig. 2A) . From these {q i }, we extracted points on the Fermi surface, but we found that they extend only to the antiferromagnetic Brillouin zone (AFBZ) boundary (Fig. 2I) , similar to the behavior previously observed in Bi2212 (18) . At higher doping (in UD32K, OPT35K, and OD15K samples), we found a "triplet" feature (outlined in black in Fig. 2 , F to H). This feature exists at multiple sub-PG energies without apparent dispersion ( fig. S3 ). However, its relative prominence at large q and low energies distinguishes it from the static checkerboard (19, 20) , charge density wave (21), smectic (22) , or fluctuating stripe (23) states that appear near q e ð0, To understand the momentum space origin of this triplet QPI, we followed (24, 25) and, taking into account reported spectral broadening (9, 26) that is particularly acute in the antinode, www.sciencemag.org SCIENCE VOL 344 9 MAY 2014 computed the autocorrelation of all antinodal states within a small energy window of the hightemperature FS. This autocorrelation corresponds to the low-energy antinodal JDOS in the presence of pair breaking and matches well with the data (compare Fig. 2 , K and L to G and H). The triplet feature thus arises from states near the antinodal FS. It could be considered as a continuation of octet QPI, and we refer to it hereafter as the antinodal QPI. We conclude that the extinction of octet QPI at the AFBZ boundary in underdoped Bi2201 (Fig. 2I) , followed by the appearance of antinodal QPI at higher doping, reveals the FS reconstruction (1-4) shown schematically in Fig. 2J .
Our UD32K sample shows both octet and antinodal QPI (Fig. 2F) , suggesting that the QPT occurs near p ∼ 0.15 doping. We support this point by using a modified Luttinger count to compute the hole concentration p in both the large and small FS scenarios according to
where A blue and A pink are the areas schematically indicated in the insets to Fig. 2J (27) . In either small or large FS scenario alone, we observed a sudden drop in Luttinger hole count from UD32K to UD25K. However, by using p small in the UD25K sample and p large in the other samples, we found the expected linear relationship between the Luttinger count and the estimated hole concentration, providing further evidence of a small to large FS reconstruction upon increasing doping. These results agree well with high-field Hall measurements of similar Bi2201 samples (28), suggesting that high-field measurements in general are revealing rather than creating small Fermi pockets.
Surprisingly, the PG appears to be unaffected by this QPT, with a spectral signature that evolves smoothly through the transition. The PG in Bi2201 is known (12) (13) (14) to exist well into the overdoped region of the phase diagram (Fig. 1A) , rather than terminating near optimal doping as in some other cuprates (29) . Thus, the FS reconstruction we observe is distinct from the onset of the PG.
We now face the question of how complete the coexistence of superconductivity and the PG is, both in momentum-and real space. To address the former, we used the phase-sensitive technique of magnetic field-dependent QPI imaging (Fig. 3) . In a superconductor, the QPI participants are Bogoliubov quasi-particles (BQPs), quantum-coherent mixtures of particles and holes. The scattering intensity of BQPs depends on the relative sign of the superconducting order parameter across the scattering wave vector. Furthermore, it is known empirically (30) and theoretically (31) that sign-preserving scattering will be enhanced by a magnetic field, whereas sign-reversing scattering will appear relatively suppressed. A d-wave superconducting order parameter changes sign in k-space (Fig. 3A) ; in our OD15K sample, the two branches of the FS around the antinode are close to each other (Fig. 2D) and are shown for simplicity in Fig. 3A as a single merged region at each antinode. Thus for a d-wave superconductor with antinodal BQPs, the simplified scattering process q A would be sign-preserving, whereas q B would be sign-reversing. We observed that the sign-preserving q A scattering is enhanced in a magnetic field, whereas the sign-reversing q B scattering appears relatively suppressed ( Fig.  3B; full field dependence in fig. S12 ). This fielddependent QPI is thus fully consistent with the existence of d-wave BQPs in the antinodal FS.
For completeness, we considered several other possible causes of our field-dependent antinodal QPI. First, we ruled out a field-enhanced charge order, such as has been observed in vortex cores in Bi2212 (19) , because it would not explain the existence of both enhanced and suppressed scattering. Second, we ruled out (p, p) and incommensurate orders such as antiferromagnetism, spin density waves, stripes, or d-density waves, which would not explain the features around both (p, p) and (2p, 0). Thus, we note that although non-phasesensitive ARPES and STM (12, 32) postulated a similar scenario, our field-dependent phase-sensitive QPI directly demonstrates the coexistence of d-wave BQPs and the PG at the antinode.
Given that the PG and superconductivity (SC) coexist in momentum space at the antinode, we next examine the nature of their spatial coexistence. We turn to a real space study of OD15K, where, among our samples, the PG magnitude (D PG ) is most comparable to the SC gap (D SC ). To focus on the superconducting component, we suppress superconductivity with a 9-T field and then remove the field-independent (PG) density of states by computing S(r, E) = g(r, E, 0 T) -g(r, E, 9 T). Compared with Fig. 4A , where spatially disparate spectra show that D PG varies by more than a factor of five across the field of view, S(r, E) shows a relatively homogeneous gap of 6 mV (Fig. 4B) , consistent with the homogeneous superconducting gap reported by a previous temperature-dependent STM measurement on samples from the same batch (14) . Our results thus support the two-gap scenario (8, 14, 32, 33) and suggest that S(r, E) is indicative of the local superconducting spectrum.
Although the inhomogeneous PG does not appear to relate to the magnitude D SC of the superconducting order parameter (vertical dashed lines in Fig. 4B ), the coherence peak amplitude and gap depth, which have been shown to scale with superfluid density (7, 33, 34) , decay markedly in regions of large D PG (Fig. 4E) . Similar to the ARPES analysis (33), we quantified the real space decoherence effect of the pseudogap by defining a local coherent spectral weight, C T (r) = S(r, T6 mV) -S(r, 0 mV), which increases with the height of the coherence peaks and depth of the gap. Visual comparison between maps of D PG (r) and C + (r) (Fig. 4, C and D) , and their cross-correlation in Fig. 4F , demonstrate that stronger PG [larger D PG (r)] correlates with local suppression of superconducting coherence on a very short (∼2 nm) length scale.
Thus, our phase-sensitive momentum-space and normalized real-space measurements demonstrate that at high doping the PG coexists with superconductivity at the antinode but correlates with suppressed superconducting coherence, suggesting a competitive relationship. We also find that the PG transition is well separated from a zero-field FS reconstruction that occurs near optimal doping, where SC is strongest. The existence of a QPT near optimal doping has been long expected and suggested by a variety of other measurements (29) . However, its differentiation from the PG onset is unexpected and requires explanations of two phenomena rather than one. A number of theories have been proposed to explain the FS QPT. We can rule out the effect of crystal structure on the basis of its observed doping independence (35) . Our observed FS evolution is partly consistent with the phenomenological Yang-Rice-Zhang model (36) but does not show the completion of the arc to a pocket found in the closely related microscopic FL* model (37) . Other orders such as antiferromagnetic fluctuations, charge order (38) , d-density wave (39), quadrupole density wave (40, 41) , and vestigial nematicity (42) are all consistent with our observation of the FS QPT. With respect to the PG onset, we observe that charge modulations are similarly unaffected by the FS QPT (figs. S17 and S18), suggesting that the PG is associated with fluctuating charge order (23) , which is pinned in all of our samples. Such charge order has recently been reported to compete with SC in YBCO (43), whereas non-superconducting La 1.6-x Nd 0.4 Sr x CuO 4 shows static charge order ("stripes") (44) , suggesting that such order (or its fluctuations) may be a universal competitor to superconductivity in the cuprates.
